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ABSTRACT 

We report results of Chandra X-ray and VLA radio observations of the Galactic 
accreting black hole V404 Cyg (GS 2023+338) in its quiescent state. V404 Cyg is de- 
tected at its faintest level of radio and X-ray emission with a 0.5-10 keV unabsorbed 
luminosity of 8.3 x 10^^ (d/3.5 kpc)^ erg s~^. The X-ray spectrum fit with an ab- 
sorbed power-law model yields a photon index of 2.17 ± 0.13. Contrary to previous 
findings, this clearly indicates that V404 Cyg undergoes - like most black holes in 
quiescence - a softening of its X-ray spectrum at very low luminosity compared to 
the standard hard state. The quiescent radio emission is consistent with the presence 
of self-absorbed compact jets. We have also reanalyzed archival data from the decay 
of the 1989 outburst of V404 Cyg in order to quantify more precisely the correlation 
between radio and X-ray emission in the hard state of V404 Cyg. We show that this 
correlation extends over five decades in X-ray flux and holds down to the quiescent 
state of V404 Cyg. The index of this correlation (~ 0.5) may suggest that synchrotron 
self-Compton emission is the dominant physical process at high energy in V404 Cyg. 
However, this index is also consistent with scale invariant jet models coupled to an 
inefRciently radiating accretion disc. We discuss the properties of the quiescent state 
of black holes and highlight the fact that some of their properties are different from 
the standard hard state. 
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1 INTRODUCTION 

Accreting black holes in X-ray binaries are known to un- 
derg o transitions between va r ious "X-ray" spectral states 
(see iMcClintock fc RemillardI (|2006|) f or a review), mainly 
(but not only, see Homan et al.ll200l} ) due to variation of 
the accretion rate within the accretion disk. The quiescent 
state is the lowest luminosity state and is a factor of ~10'' 
or more fainter than the brightest outburst state. In addi- 
tion, a hard state is usually observed in the initial and final 
phases of an outburst with typical luminosity in the range 
10~'^-10~^ of the Eddington luminosity. 

The quiescent and h ard states share similar properties 
(e.g. iTomsick et "al]|2004l ). Indeed, the quiescent state is of- 
ten viewed as a lower luminosity version of t he hard state. 
The compact jet observed in the hard state (|Corbel et al.l 
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I-'IIIm| ) appears also in quiescence as inferred from the char- 
acteristics of the radio spectrum (|Gallo et al.l |2006| ) . The 
strong corr elation between ra dio and X-ray emissions in the 
hard state (I Corbel et al ]|2003l) seems to be maintained down 
to quiescence (jCorbel et al.ll2003l : iGallo et al.,,2003. . ,2006 ') . 

However, current X-ray satellites (especially Chandra 
and XMM-Newton) have revealed new details of the spec- 
trum of quiescent black holes. It appears that a fraction of 
them display a s ofter X-ray spectru m compare to the stan- 
dard hard state (|Corbel et al.|[2006l ). In addition, deviations 
to the standard radio/X-ray flux correlation have been ob- 
served in the black hole GX 339—4 at very low luminosity 
(Corbel et al. in prep.). These peculiarities might imply that 
the quiescent state has to be considered as distinct from the 
standard hard state. 

The un i versal radio/X-ray flux correlation presented by 
iGallo et all (120031') i s dom inated by two sources (GX 339-4 
from ICorbel et all (|2003l ') and V404 Cyg) plus additional 
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points from other sources. A 0620—00 in quiescence is, re- 
markably, consistent with an extrapolation of th e V404 Cyg 
and G X 339—4 correlations down to quiescence (jCallo et alJ 
I2OO6I '). but the exact track of A 0620-00 in outburst is 
unknown as no radio observations of a hard state were 
conducted in that time. The correlation observed in the 
hard state of accreting galatic black holes has been ex- 
tended to active galactic nuclei by including an additional 
corre ction for taking into account the mass of the black 
hole jMerloni et al.ll2003 : iFalcke et aLll2004l : iKording etal] 
I2OO6I ). This fundamental plane of black hole activity re- 
lies strongly on the correlation obs erved in V404 Cy g 
(|Gallo et alj |2003| ) and GX 339-4 (|CorbeI et al.l l2003h . 
Thus, it is important to assess the reliability of the cor- 
relation for Galactic systems. 

V404 Cyg has the longest orbital period of any black 
hole s ystem detected in quiescence to date. ICorbel et al.l 
l|2006l ) reported that long orbital period systems have qui- 
escent spectra consistent with the hard state, contrary to 
short orbital period systems that have softer spectra. How- 
ever, the long orbital period group was statically dominated 
by the spectrum of V404 Cyg and recent XMM-Newton 
observations of V404 Cyg show a soft quiescent spectrum 
iBradlev et al.ll20Q7l ). Therefore, we used a new Chandra 
observation to reconsider the X-ray spectrum of V4Q4 Cyg 
and the properties of black holes in quiescence. 

In this paper, we describe the results of radio and X- 
radio observations of V404 Cyg in quiescence and re-examine 
archival observations of V404 Cyg during the decay of its 
1989 outburst (§2). The observations in quiescence provide 
a detailed measurement of the X-ray spectrum of V404 Cyg 
as well as a radio detection at its faintest level of emission 
(§3). These first simultaneous radio and X-ray observations 
of V404 Cyg in quiescence led us to revisit the radio/X- 
ray flux correlation in V404 Cyg (§4). For that purpose, we 
reconsidered all X-ray observations of V4Q4 Cyg during its 
1989 outburst, allowing us to study this correlation in much 
finer detail. Our conclusions are summarized in section §5. 



2 OBSERVATIONS AND DATA ANALYSIS 

2.1 Chandra observation of V404 Cyg in 
quiescence 

V404 Cyg has been observed by Chandra on two occasions 
while it was in or close to quiescence. A first ~ 10 ks obser- 
vation performed in 2000 has been published bv lKong et al.l 
(|2002l ). while the second one conducted in 2003 has been an- 
alyzed bv lHvnes et~aLl (|2004f ). However. iHvnes et al.l (|2004l ') 
only reported on the short term X-ray variability and con- 
temporaneous optical behavior. Because no spectral analysis 
of the 2003 observations has been published, we decided to 
re-analyze these data in light of the possible difference in 
X-ray photon indices between s hort and long orbital period 
black hole systems suggested in ICorbel et al.l l|2006t ) . 

In 2003, V404 Cyg was observed by Chandra on July 28 
and 29 for ~ 60 ks with the Advanced CCD Imaging Spec - 
trometer spectroscopic array (ACIS-S; iBautz et al.l 1998h . 
V404 Cyg was placed on the back-illuminated ACIS Chip 
S3 in 1/8 sub-array mode to reduce pileup. We constructed 
light-curves from all valid events on the S3 chip to search for 



times of high background. We found no background flares 
and therefore use the whole Chandra observation for the 
spectral analysis giving an exposure of 55.6 ks. A standard 
data analysis was performed using the Chandra Interactive 
Analysis of Observations (CIAO) software package - ver- 
sion 3.4.1.1 - with the most up to date calibration database 
- version 3.4. 

A bright X-ray source is detected at the location of 
V404 Cyg. We extracted the energy spectrum of V404 Cyg 
using a circular source extraction region of 3", providing a 
total of 1943 photons. We rebinned the spectrum to have 
at least 30 counts in each energy bin. As already noted 
bv lHvnes et al.l (|2004h . the 2003 observation was performed 
when V404 Cyg had on average a factor 5 lower count 
rate compared to t he 2000 Chandra observation reported by 
iKong et al.l (|2002l ). A background spectrum was extracted 
from an annulus with an inner radius of 4" and an outer 
radius of 18". However, given the brightness of V404 Cyg, 
this background is negligible. 

2.2 VLA observation of V404 Cyg in quiescence 

We have reduced archival VLA data (PI: Hynes, AH823) 
of V404 Cyg in quiescence. The VLA observation in A- 
configuration was conducted on the 29th July between UT 
0:20 and 14:15, simultaneously with the Chandra observa- 
tion. The total time on source was ~5 hours at 8.4 GHz and 
4.4 hours at 4.8 GHz. The target was observed using phase- 
referencing to the secondary calibrator 20252+33430. The 
absolute flux calibration was established by observing the 
quasar 3C 286. We assume that the absolute fiux calibra- 
tion introduces a systematic uncertainty of ~ 5 %. The data 
reduction was performed using standard AIPS procedures. 

To our knowledge, these VLA observations are the 
only radio observations that have been conducted strictly 
simultaneously with X-ray observations while V404 Cyg 
was in a nuiescent sta t e. Th e quiescence observations re- 
ported in ICaUo et al.l (|2003h were not simultaneous. As 
V404 Cyg is known to vary significantly in its quiescent state 
(.Hyncs ct a l. 2004; Bradley ct al. 2007,), strict simultaneity 
is important to precisely contrain the X-ray versus radio fiux 
correlation. 

2.3 The 1989 outburst of V404 Cyg : archival data 

In late May 1989, Ginga detected new activity from 
GS 2023-1-338 consistent with the location of the variable 
star V404 Cyg. Analysis of the X-ray outburst initially indi- 
cated that the source stayed i n the hard state for the whole 
duration o f its active period (Oosterbroek et al.|[l997l ). Ac- 
cording to IZvcki et al.l (|l999a ) , a very short excursion to a 
thermal state was observed early in the o utburst. However, 
since a bright radio flare was detected bv lHan fc Hiellmingj 
1 19921 ) very early in the outburst and such bright ejection 
events are usually associated with s tate transitions (e.g. 
ICorbel et al]|2004l : iFender et ahl 120041 '). it seems very likely 
that V404 Cyg was in a different X-ray state in the early 
phase of the outburst and that the ejection event was asso- 
ciated with a state transition. 

We are primarily interested in precisely locating 
V404 Cyg in quiescence on the radio/X-ray correlation us- 
ing the simultaneous X-ray and radio fluxes reported below. 
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Figure 1. X-ray lightcurve in tlie 3—9 keV band constructed from 
arcliival data of Ginga (LAC and ASM) and MIR/Kwant (TTM). 
The line is a power-law fit to tlie decay of the outburst and has 
been used to estimate the X-ray flux during the radio observa- 
ti ons. Arrows indicate the dates of the radio (VLA) observations 
of I Han fc Hiellmin'3 l|l992l '). The radio data in the dashed area 
have not been used in our study. 



We ther efore decided to se e if we could improve the original 
work of lGallo et al] (|2003l ) on the correlation in V404 Cyg. 
For this purpose, we used the original X-ray data from the 
1989 outburst as measured by Ginga (LAC and ASM), as 
well as by MIR/Kvant (HEXE and TTM). These data were 
available in form of flux lig ht-curves (in erg s~^ cm"'^) in 
different energy bands (see I Chen et al.l Il997l for more de- 
tails). We assume an error of 10% for the MIR/Kvant fluxes 
as no errors are quoted for these light-curves. We considered 
only the portion of the light-curves during the decay when 
V404 Cyg is clearly in a standard hard state with a typi- 
cal inv erted radio spectrum as reported bv lHan fc Hiellmind 
l|l992h . specifically, we use only data after 1989 June 8. 

We first constructed light-curves (Figure [1} in the 
standard X-ray band (3-9 keV) used for these correla- 
tion studies by converting the original fiux data in the 
3-9 keV band using WebPimms from HEASARCQ assum- 
ing a shape for the X-ray spectrum typical of the hard 
state, specifically a power-law with photon index of 1.6, 
l|McClintock fc RemillardI |2006| ) and a hydrogen column 
density of 8 x 10^^ cm~^. We n ote that extra absorp- 
tion was observed during outburst (jOosterbroek et ahll 19971 : 
IZvcki et al.lll999al lbl). but its effect is not significant in the 
3-9 keV band used in this study. At this stage, we do not 
use X-ray fluxes in Crab units as the Crab spectrum is 
significantly differ ent from a typical hard state spectrum 
iGallo et all (|2003l ). 

By interpolating the X-ray decay light-curve (Figure 
[1]), we were able to obtain reasonable estimates for the 3- 
9 keV flux at the times of the rad io observations listed in 
Table 1 of iHan fc HieUmingj (|l992l ) (ten of these observa- 
tions were quasi-simultaneous with an X-ray observations). 
In addition, when V404 Cyg was very faint (1989 November 
1 and 1990 August 16), we reduced directly the Gmga LAC 
spectrum provided by HEASARC in order to obtain a very 
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Figure 2. Chandra energy spectrum of V404 Cyg in 2003 from 
0.3 to 8 kcV fitted with a power-law modified by interstellar ab- 
sorption. The residuals in the form of the contribution to the 
value of for each energy bin are plotted in the bottom panel. 



good estimate of the X-ray fiux. In total, we have 20 pairs 
of measurements/estimates of the radio and X-ray flux of 
V404 Cyg during the de cay of its 1989 ou tburst (compared 



Gallo et al.ll2003l). We do not use 



GaUo et al.l l|2003l) because the X- 



to 10 measurements in 
the quiescence point of 
ray and radio observations were not conducted at the same 
time, but we use, instead, our quiescence measurements as 
describe in this paper. In addition, our procedure led to an- 
other important quasi-simultaneous measurement at an X- 
ray flux almost two decades brighter than quiescence (see the 
point labeled Ginga/VLA in Figure 4). These measurements 
should be more p recise than those in the broader study of 
iGallo et all (|2003l ). 



3 RESULTS 

3.1 The X-ray spectrum of V404 Cyg in 
quiescence 

Even though V404 Cyg is the brightest quiescent black hole 
(e.g. iTomsick et al.l |2003| ). the Chandra spectrum is ade- 
quately well fitted with a simple phenomenological model 
consisting of a power-law modified by interstellar absorp- 
tion. This model is adequate for our purpose, as we aim pri- 
marily to compare the power -law photon index o f V404 Cyg 
with the values catalogued in ICorbel et all (|2006|) for a sam- 
ple of quiescent black holes (see also Kong et al.l2002l ). More 
detailed spectra l modeling of V404 C yg with XMM-Newton 
can be found in iBradlev et al] (|2007l ). 

Fitting the Chandra spectrum (Figure [2]) with the ab- 
sorbed power- law resulted in a photon index F of 2.17 ± 
0.13 and a hydrogen column density A*'h of (8.1 ± 0.1) x 
lO'^^ cm~^ and gave an adequate fit with = 62.3 for 53 
degrees of freedom. The quoted uncertainties are at the 90% 
confidence level for one parameter. The hydrogen column 
density deduced from this Chandra observations is slightly 
greater than the one deduced from optical m easurement, 
but th is is not unusual as already mentioned bv lKong et al.l 
(|2002h . These results are fully consistent with the spectral 
parameters measured for the XMM-Newton observation con- 
ducted in Nov e mber 2005 (F = 2.09 ± 0.08) as reported by 
iBradlev et"aLl (|2007l ). The unabsorbed 3-9 keV flux during 
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Figure 3. Error contours for the hydrogen eolumn density (Nh) 
and the power-law index (F) derived from the Chandra spectrum 
of V404 Cyg. The cross marks the location of the best-fit value, 
and 68% (Ax^ = 2.30), 90% (Ax^ = 4.61) and 99% (Ax^ = 9.21) 
confidence contours are shown. 



the 2003 Chandra observation is (1.79 



0.06 J 



X 10"^^ erg s" 



cm . This corresponds to a 0.5-10 keV unabsorbed lumi- 
nosity of 8.3 X 10^^ (d/3.5 kpc)^ erg s~\ This is a factor 5 
fainter t han in the previou s Chandra observation conducted 
in 2000 (|Kong ct al."2002''). consistent with the flux in 2005 
reported by [Brad ley ct aL ( 20071), and slightly fainte r than 
in the BeppoSAX observations (|Campana et al.ll200ll ). 

Figure El illustrates the 68%, 90%, and 99% error con- 
tours allowing two parameters (F and Nh) to vary, and in- 
dicates that these parameters are well constrained by our 
observations. The Chandra and the XMM-Newton observa- 
tions therefore confirm that the X-ray spectrum of V404 Cyg 
is softer in quiescence th an in outburst, co ntrary to what 
was originally reported bv lKong et alj (|2002l ) from the 2000 
Chandra observations (they obtained a photon index of 1.55 
± 0.07 with an hydrogen column density frozen to the opti- 
cal measurement, and 1.81 ± 0.14 with Nh free to vary). The 
new Chandra and XMM-Newton data are both consistent in 
term of Nh estimations and favour a value higher that the 
one deduced from optical observatio ns. In addition, we f ound 
that the 2000 Chandra spectrum of iKong et al.l (|2002l ) was 
moderately affected by pile-up. We refitted their spectrum 
using the pile-up model in Xspec and found F = 2.06lg'2g 
with Nh = 7.5^J | x 10^^ cm~^, values that are now fully 
consistent with the new Chandra and XMM-Newton spectra. 



3.2 Radio emission from V404 Cyg in quiescence 

A radio source is detected at the location of V404 Cyg with 
fiux densities of 164 ± 38 /iJy and 193 ± 22 ^Jy at 4.8 GHz 
and 8.4 GHz respectively, giving a spectral index of a = 
-1-0.29 ± 0.46 defined as cx where is the fiux 
density at frequency p. This is the faintest level of radio 
emission ever reported from this source. In light of the sig- 
nificant X-ray vari ability during the Chandra observations 
iHynes et al.ll2004l ), we searched for radio variability by di- 
viding the radio dataset in two parts, but we did not find 
any significant radio variabilty. 

Despite a fainter level of emission, the radio spec- 



trum of V404 Cyg (admittedly not very well constrained) 
is fully consistent with previous o bservations conducted 
with Westerbook (|Gallo et al.ll2005l ). A fiat spectrum and 
stable radio emission are fully con sistent with the pres- 
ence of self-absorbed compact j ets (|Hiellming fc JohnstonI 
1 19881 : iBlandford fc Konigll Il979r ) in t he quiescerit stat e of 
V404 Cyg (see also the disc ussion in Gallo et al.ll2005l ). In 
addition, the Spitzer data of I Gallo et al. (2007) would still 
be consistent with an extrapolation of our new radio spec- 
trum up to infrared and therefore our results do not alter 
their conclusions. 



4 DISCUSSION 

4.1 Softening of black holes X-ray spectra in 
quiescence 

By analyzing the X -ray spectra of black holes in quiescence, 
ICorbel et alll|2006h found that a significant fraction of those 
black holes had an X-ray spectrum that was significantly 
softer in the quiescent state with respect to the brighter 
standard hard state. They also noticed that the three black 
holes with the highest orbital periods had spectra consis- 
tent with the hard state, whereas the short orbital period (< 
60 hours) systems were all consistent with a soft spectrum. 
However, the difference between the two groups was stati- 
cally dominated by the 2000 Chandra spectrum of V404 Cyg. 

As described above, the 2003 Chandra and 2005 XMM- 
Newton spectra of V404 Cyg clearly indicate that V404 Cyg 
also undergoes a softenin g in quiescen c e. Th ese results dif- 
fer from the conclusion of lCorbel et al.l (|2006l ) . That conclu- 
sion was based on the assumption that t he 2000 Chandra 
spectrum of V404 Cyg (|Kong et all |2002| ) represented the 
quiescent state of V404 Cyg (which we have now shown in 
section 3.1 is also consistent with the new measurements if 
pile-up is taken into account). In light of our new results, we 
find that there is no statistically significant difference in the 
quiescent X-ray spectra of black holes with long or short or- 
bital period. On the contr ary, the new spectru m of V404 Cyg 
generalizes the finding of lCorbel et al.l (|2006l ) that all black 
holes in quiescence have a softer X-ray spectrum than the 
standard hard state. 

As discussed in ICorbel et al. I (|2006l ). there are several 
different possible physical reasons for this softening. The 
softening could be related to an advection d ominated accre- 
tion flow (ADAF) (iMcClintock c t al.|[200l ) or a jet located 
above an ADAF ([Yuan ct al. 20 0_5|) . However as outlined in 
recent studies (e.g. lCallo et al.ll2006l ). ADAF solutions have 
several difficulties in self-consistently modeling the powerful 
outflows that may be present in quiescence. 

Interestingly, now that the softening of V404 Cyg is 
clearly brought to light, inspecting the original Ginga LAC 
data revealed that such softening was already on beginning 
a few months after the peak of the 1989 outburst. Indeed, 
after a peak around 1989 May 30, the Cinga spectrum in 
November 1989 was much softer than in the other observa- 
tions conducted du ring the decay (as indicated by Table 2 in 
IZycki et al ]|l999bh . The transition to the soft quiescent state 
therefore occurred around a 0.5-10 keV unabsorbed fiux of 
2.5 X 10"^" erg s~^ cm~^ equivalent to a lumino sity of ^ 3 x 
10~* LecW for a distance of 3.5 kpc (according to lZycki et al.l 
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Il999bl ). In addition, it is worth noting that other black holes 
have also shown indication of softe ning at these i nterm edi- 
ate luminosities (see section 4.3 in ICorbel et alj I2OO6I and 
references therein). 

Black hole systems at luminosity below 10^* to 10^'' 
Lfidd may, therefore, enter a quiescent state with different 
properties (at least a softer X-ray spectrum) than the hard 
state. This is contrary the standard view that the quiescent 
state is an extension of the hard state, which has arisen 
due to the continuous evolution of some of t he X-ray prop- 
erties (e.g. timing) at low luminosity (e.g. iTomsick et al.l 
I2OO4I ). The quiescent state may be related to new accre- 
tion disk properties or other characteristics of the outflow, 
e.g. inefhcient particle acceleration. Further observations of 
black holes du r ing th e decay of their outbursts would (as in 
iKalemci et"all (|2006l 'l') be important to constrain the prop- 
erties of the quiescent state. 

4.2 Revisiting the radio/X-ray flux correlation in 
V404 Cyg 

V404 Cyg was the second galactic black hole for which a 
strong co rrelation between radio and X-ray emission was 
observed (jCallo et al.ll2003h . As outlined in section 2.3, we 
have reanalyzed some of the data from its 1989 outburst, 
allowing us to obtain a more precise estimate of the X-ray 
flux during the decay of the outburst, as well as almost dou- 
ble the number of pairs of near simultaneous radio/X-ray 
fluxes. With the 2003 Chandra/VLA observations and the 
2000 Ginga/VLA observations, we are able to provide two 
precise and simultaneous fluxes while V404 Cyg was in qui- 
escence. Th i s allo w us to revisit the correlation found by 
iGallo et all (|2003h in much finer detail than before. 

For that purpose, we only consider the radio observa- 
tions after TJD 7685 (1989 June 8) as a secondary X-ray 
and optic al re-flare was observed during the decay (see light- 
curves m iBrocksopp et al.ll2004h . This ensures that we are 
considering observations that are in the hard state, as con- 
flrmed by the flat or inverted radio spectrum after this date 
that is a characteristic of the self-absorbed compact jets 
iBlandford fc Konigll [19791 '). In figured we plot the radio 
flux density -Fkad at 8.4 GHz versus the unabsorbed 3-9 keV 
flux Fx, indicatin g (as originally observed for V404 Cyg by 
iGallo et all |2003| ) that a strong correlation between these 
two frequency domains is present. 

We fit the correlation with a power law of the form 
^rad = k Fx in log-space, taking the uncertainties in both 
the measured radio and X-ray flux into account. A fit to all 
the data with the measured uncertainties yields k = 4.6±0.3 
and b = 0.51 ± 0.02, with a merit function of 102 for 
17 degrees of freedom. Thus, there are some deviations 
from the power law fit exceeding the uncertainties. We can 
parametrise these deviations by adding some isotropic excess 
scatter to the data. To obtain a good fit we have to introduce 
0.068 dex scatter. With the excess scatter, we find for the fit 
parameters k = 4.6 ± 0.4 and b — 0.51 ± 0.03 (in log space, 
we obtain log F^ad = (0.66 ± 0.04) log F^). If we fit the data 
without the last two points near quiescence we find the same 
fit values albeit with larger uncertainties: k = 4.7 ± 0.6 and 
b = 0.51 ± 0.06. The quiescent measurements are consistent 
within the uncertainties with the extrapolation of this fit to 
the luminous data. A fit using the radio fiuxes at 4.8 GHz 
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Figure 4. Radio flux density Fjj^ad 8.4 GHz versus the un- 
absorbed 3-9 KeV flux Fx for V404 Cyg for the decay of the 
1989 outburst and the recent Chandra/VLA observations in qui- 
escence. The straight line is a fit to these data-points with a func- 
tion of the form 

FRad a: F^, with h = 0.51 ± 0.06. The two points 
with the lowest fluxes were not included in the fit, but they agree 
perfectly with the correlation observed in the decay of 1989 out- 
burst. 

from iHan fc Hiellmind (|l992l ) instead of 8.4 GHz does not 
change the overall index, as one obtain k — 4.0 ± 0.4 and 
fe = 0.53 ±0.04. 

To test if significant spectral evolution of the source is 
responsible for the low correlation index (0.51 compared to 
0.7), we also fit the correlation using 1.2 to 37.2 keV X-ray 
fluxes. Here, the scatter is slightly larger (0.14 dex excess 
scatter) but we find similar fit values as before k — 1.94^Q g3 
and 6 = 0.52 ± 0.10. The larger uncertainties mainly arise 
due to the lower sample size for which 1.2 to 37.2 keV fluxes 
are available (only 8 measurements) . We therefore do not see 
an evolution of the correlation index in the 1.2 to 37.2 keV 
energy range. 

The correlation observed during the decay of the 1989 
outburst therefore holds down to deep in the quiescent state. 
Contrary to the behavior observed from GX 339—4 (Corbel 
et al. in prep), there is no deviation to the correlation for 
V404 Cyg in quiescence, at least when comparing to the 
track measured from the 1989 outburst (several tracks are 
observed in GX 339—4; Corbel et al. in prep.). This consti- 
tutes the best example (almost five decades in X-ray flux) 
- to date - for a non-linear correlation between radio and 
X-ray fiuxes in the hard state of a black hole candidate. We 
note that even if the dispersion of the d ata-points along th e 
fit in Figure |4] is much smaller than in iGallo et al.l (|2003h , 
there is still some fluctuation (quantified with the isotropic 
excess) along the fitted line (in log space) . This residual devi- 
ation may possibly be related to our procedure of estimating 
the X-ray fluxes of V404 Cyg (c.f. section 2.3) or possibly 
to vari ation in the absorbing column density as obse rved by 
Ginga (|Oosterbroek et al.|[l997l : IZvcki et"al]|l999al lbl). The 
latter is more likely as some fl uctuations wore also observed 
at radio frequencies (|Han fc HicUmine 1992il. 

Our measured power law index of b = 0.5 is significantly 
lower than the u sual value of & ~ 0.7 (|Corbel et al.l [20031 : 
ICallo et al.ll2003l ) ( but it is consistent with the value of 0.7 
±0.2 measured bv lGallo et al] (|2003h using only data from 
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V404 Cyg). Our larger sample allow us to obtain a more 
precise estimation of this correlation index, and give us an 
opportunity to look in finer detail into the physical meaning 
of the correlation. For example, this index is still consistent 
with scale invariant jet models coupled to an inefficiently 
radiating accretion disc ([Merloni etaP 20031 ) . 

Additionally, lYuan fc Cuil (jioOSl ) adapted an 
ADAF+jet model, originally developed for the hard 
state of XTE Jfff8+480, to black holes in quiescence. 
Assuming no change in jets phy sics from the hard state 
to quiescence, lYuan fc Cuil l)2005l ) would have expected a 
change in the correlation index from b = 0.7 to ~ f.23 
below an X-ray luminosity of 10~® LEdd , which is slightly 
above the quiescent luminosity of 1/404 Cyg . We do 
not observe this be haviour, which eith er implies that the 
ADAF+jet model of lYuan fc CuH (|2005l l is not applicable to 
the quiescent state or that jet physics change significantly 
in quiescence (a possibility discussed in section 4.f). 

In case that the X-ray emission originates from the 
jet, the low correlation index may indicate that the X-ray 
emission is created by synch rotron self-Compton emission 
(SSC) as also suggested by iMarkoff et al] (|2005l ). If the 
X-ray emission is SSC, then it depends more strongly on 

the jet power (~ Qjtt) than if it is synchrotron emission 

(~ Q%t) Ce.g.. iFalcke fc Bierma"nnlll99d ). Thus, the corre- 
lation between radio luminosity (which depends on the jet 
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power as (~ Q/et)) ^'^'^ X-ray luminosity from SSC is flat- 
ter and gives 6 ~ li/x ~ 0.51, a value fully consistent 
with our derived index. If the SSC interpretation is correct, 
then this is different from the 1997-99 tracks of GX 339-4 
which was consistent with b — 0.7 and a pure synchrotron 
origin (|Corbel et al.ll2003l : [Markoff et al.ll2003l '). However, a 
lower correlation index was also noticed for GX 339—4 at 
intermediate luminosity in the recent outbursts (Corbel et 
al. in prep). This could potentially indicate that we are 
witnessing an interplay between various emission processes 
(synchrotron, SSC, external Comptonisation) at high en- 
ergy, for reasons that still need to be understood. In any 
case, a broadband fit to the spectr al energy distr i bution of 
A 0620-00, using the jet model of lMarkoff et al.l (|2005l ). is 
consistent with an SSC origin for the hard X-ray emission 
in this quiescent black hole. It would be worthwhile to check 
for the presence of an SSC component in the broadband fit 
of V404 Cyg as implied by our correlation study. 



5 CONCLUSIONS 

We publish the results of a Chandra and VLA observation 
of V404 Cyg in quiescence and we reevaluate the correlation 
between radio and X-ray emission. The main conclusions of 
our work can be summarized as follows: 

• The Chandra and VLA observations have allowed a de- 
tection of V404 Cyg at its faintest level of emission yet ob- 
served. The characteristics of the radio emission remain con- 
sistent with the presence of self-absorbed compact jets in the 
quiescent state. 

• The Chandra observation of V404 Cyg confirms the 
softening of its X-ray spectrum in quiescence. This implies 



that all black holes in quiescence have a softer X-ray spec- 
trum in quiescence than in the standard hard state. 

• We revisit and improve the correlation between radio 
and X-ray emission in V404 Cyg and found an index of 
the correlation that may suggest that the X-ray emission 
in the hard state of V404 Cyg is due to synchrotron self- 
Compton emission. Compared to other sources, this would 
imply that the X-ray emission in black holes could be the 
results of interplay of various emission mechanisms (syn- 
chrotron, SSC or external Comptonisation) with different 
mechanisms favoured under conditions that still need to be 
understood. 
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